Laser propulsion powered by a CW laser has been studied. Thruster performance and energy balance in the thruster were numerically computed. Laser beam optics, inverse-bremsstrahlung absorption, ionization/recombination reactions, radiation, heat conduction, and convection have been modeled. Computational stiffness resulting from the very small flow speed has been overcome by using a flux vector splitting implicit scheme with a large CFL number. The computed positions of the Laser Sustained Plasma (LSP) in the thruster show good agreement with the measured ones. The estimated energy conversion efficiency was 23%, and the rest of the input power was lost as radiation from the LSP and also carried by the laser beam passing through the LSP.
Nomenclature
C F : thrust coefficient D : diffusion coefficient D t : throat diameter E : total energy f : ratio of focal length to incident beam diameter F, G : numerical flux vectors in the axial and radial directions h : heat of formation I : laser intensity k : Boltzmann's constant K : inverse bremsstrahlung coefficient M : mass of a heavy particle n : number density p : pressure P : incident laser power q : laser absorption rate R : gas constant t : time T : temperature, or thrust u : velocity in the axial direction U : vector of characteristic variables v : velocity in the radial direction V j : exhaust velocity w : beam radius W : vector of source terms x, y : coordinates in the axial and radial directions γ : specific heat ratio η E : energy conversion efficiency as given by Eq. 
Introduction
Because of the recent availability of large power laser oscillators and the increasing demand for the launch of minisatellites, laser thermal thrusters represent a promising concept as launch rockets. [1] [2] [3] The practical implementation of this kind of propulsion system is expected to reduce launching costs drastically.
Laser propulsion can be subdivided into continuous wave laser thrusters and repetitive pulsed laser thrusters, both of which are schematically shown in Fig. 1 . In the case of CW laser thrusters, a stable plasma is generated inside a chamber at a pressure higher than atmospheric. The propellant gas is heated by the hot plasma and accelerated down through a nozzle, thus producing thrust. On the other hand, in RP thrusters the propellant gas is heated directly by a laser beam. In this type of system, the resulting shock waves are collected by a reflector nozzle and thrust is generated.
Our research is focused on CW laser propulsion, in which physical phenomena are expected to be stationary and easy to handle compared with those concerning RP laser propulsion. Several experimental studies have been carried out on CW laser propulsion, measuring both the laser absorption fraction and the thrust, [3] [4] [5] [6] [7] [8] from which the performance characteristics were revealed. However, this experimental approach is quite limited because of the high cost of high power laser devices as well as the sheer difficulty of carrying out diagnostics of the plasma in the laser thruster. Therefore analytical studies are necessary. In previous research work, [9] [10] [11] [12] [13] detailed physical models were constructed and validated against experimental data. However, as it will be described later, in order to avoid computational difficulties encountered in multidimensional simulations, some authors have approximated or simplified their models by either adding artificial viscosity to the scheme, 10) ignoring flow in the radial direction, 11, 12) or assuming the flow to be subsonic in the entire flow field. 13) In this study, an efficient CFD code is employed in order to simulate the propellant heating processes induced by a laser beam inside a thruster without ignoring the flow field characteristics.
Since laser thrusters will fly leaving energy sources on the ground, the exhaust velocity (or specific impulse) becomes of importance as well as the energy conversion efficiency. In order to increase the exhaust velocity, higher laser power should be absorbed using less propellant gas by optimizing the laser absorption location in the thruster chamber.
In general, the plasma produced by laser heating is called a laser sustained plasma. The LSP is located at the position where the laser absorption rate is balanced by the energy dissipation rate towards the low temperature surrounding gas. The dominant physical phenomena dictating this energy balance inside the thruster are the laser beam optics, inverse bremsstrahlung absorption, ionization/recombination reactions, radiation loss, heat conduction and convection. If a numerical code can predict the LSP position properly, it can be used to optimize the thruster geometry and to assess the performance of full-scale thrusters. Therefore, it is quite important for the code to accurately predict the LSP position.
Furthermore, it is necessary to understand the energy dissipation mechanisms in order to improve the thruster performance. Thus, the analytical study is considered to play a very important role, along with the experimental study.
Physical Model

Laser intensity distribution
Assuming that a 0th order Gaussian laser beam is passing through a converging lens and is focused inside a chamber, the laser intensity distribution is written as:
Here w(x) is the beam spot radius where the intensity drops to 1/e 2 center intensity on the axis. It varies depending on the axial distance from the focus as
Even if lens aberration is ignored, finite beam waist w f exists at the focal point as a result of beam diffraction.
Because the laser absorption by the plasma, the beam intensity distribution differs from being Gaussian. This is taken into account by having the laser beam divided into 2400 bundles of ray and applying Beer's law to each ray.
By integrating Eq. (3), the average absorption rate inside a cell with a width x along each ray is expressed as
Beam diffraction may take place on the boundary of LSP. Because of this, compared with the case with no plasma, the beam waist is thought to be about 10 times larger. However, this effect is small when there is little absorption in the vicinity of the focus and, consequently, diffraction effects are not considered here. Although some percentage of the transmitted light and the radiation from plasma is reflected on the wall surfaces of the chamber, this effect is assumed to be negligibly small. Since the CO 2 laser used in the experiments is for material processing, although the intensity distribution is mainly a 0th order Gaussian, its central part exhibits several bumps in the distribution. As an approximation to the actual beam distribution, a beam diameter including 97.5% of the total energy is made to exhibit a Gaussian distribution. From the beam profile measurements, the beam diameters were 34 mm and 30 mm for laser powers of 400 W and 700 W respectively. The corresponding f values (= focal length/beam diameter) were 7.35 and 8.33, respectively. (The focal length of the convex lens is 250 mm.)
Inverse bremsstrahlung absorption
The propellant gas considered in the present analysis is argon. The absorption coefficient K EI for electron-ion inverse bremsstrahlung is a function of wavelength and temperature. Using the expressions given by Kemp, 9) we have
with the Gaunt factor G being
The absorption coefficient K EN for electron-neutral particle inverse bremsstrahlung is obtained also from Kemp
where A(T ) is a smoothly-varying and temperaturedependent coefficient.
14) The coefficients used in the present work are plotted in Fig. 2. 
Ionization and recombination reactions
Singly ionized argon is considered. Since the flow speed in the chamber is quite slow, the gas must be in thermochemical equilibrium. Therefore, Saha's equilibrium equation holds, written as
Using this expression, the dependence of various physical constants (such as absorption coefficients, radiation strength, etc.) on pressure and degree of ionization is taken into account. However, in calculating ionization and recombination reactions in the flow, the formulation with finite reaction rates is convenient for our implicit scheme. Accordingly, the following ionization rate is used:
The recombination rate can be given from the principle of detailed balance coupled with Saha's equation as
The energy equation is defined by considering the ionization energy as the enthalpy for plasma formation and is given by
The specific heat ratio is assumed to be 5/3.
Radiative losses
In a laser thruster, the radiative loss is considered to be a predominant energy loss mechanism. Many radiation intensity measurements have been carried out at atmospheric pressure, 15, 16) and all the results show similar temperaturedependence characteristics. In this work, the temperaturedependence is taken from Emmons' data.
15) The pressure dependence, however, is an unknown factor. Since the radiative loss is theoretically thought to be proportional to the product of the electron and ion number densities, 17, 18) the pressure-dependence is taken into account by using Saha's equation (Fig. 3) .
Heat conduction
The thermal conductivity for argon gas rises once the plasma generation starts, due to the large contribution from the electrons. The electron thermal conductivity values for weakly ionized plasmas are given by Devoto. 19) As the plasma diffuses to the low temperature regions, recombination occurs and heat is locally generated, resulting in energy transport. This transport phenomenon is considered by calculating explicitly the diffusion and the ionization/recombination reactions. The following ambipolar diffusion coefficient for argon plasma is used 23 )
As shown in Fig. 4 , the theoretical and experimental values for thermal conductivity differ as the temperature increases. This discrepancy is due to the short wavelength radiation emanating from the plasma that is again absorbed in Vol. 44, No. 144 Trans. Japan Soc. Aero. Space Sci. the low temperature region and released as thermal energy. This heat transfer, appearing in the form of radiation, can be approximated with Fourier's formulation, giving the heat flux proportional to the temperature gradient.
9)
The radiative thermal conductivity phenomenon can be deduced from many experimental results. Also, as the size of plasma becomes larger, this heat transfer tends to increase. 19) In this work the experimental results given by Emmons 15) (the plasma radius R = 5 mm) are employed, assuming that the conductivity is proportional to the plasma radius (herein R = 1 mm).
Convection
Since the propellant is choked at the throat, compressibility effects are important in the vicinity of the throat. Moreover, inside the chamber the temperature rises as a result of heating by the laser beam, and sharp density drops are present in the flow. Therefore, it is necessary to consider compressibility in the whole flow field.
In compressible flows, information propagates at the sonic speed and a limit on the calculation time step exists. Namely, the Courant number cannot be greater than unity. When low Mach number flows, with M = 0.01 or smaller, are predominant in the chamber, a very large number of iterations are necessary to obtain numerical convergence.
With an implicit method, however, the maximum theoretical time step can be infinite, thus circumventing the stiffness present in the equations. In practice, when attempting to carry out the necessary matrix inversions or making the physical constants vary depending on the characteristic variables, it becomes very difficult to make the scheme completely implicit. The time step sets a limitation on the upper bound of the Courant number.
It is noted that preconditioning the Jacobian matrices to speed up numerical convergence is a method being investigated by several authors. 6) 
Numerical Method
Governing equations
In the basic system of equations, compressibility and energy diffusion are considered, employing the axisymmetric Navier-Stokes equations. In cylindrical coordinates, the system is given by
where
Herein the equation of state is given by
An upwind discretization method called flux vector splitting 20) is employed and the governing equations are solved implicitly by using a Gauss-Seidel line relaxation method. 21) This overall method is characterized by its robustness and allows large Courant numbers.
Boundary and initial conditions
At the inlet, the total temperature, pressure, and one more variable are obtained by using an upcoming Riemann invariant. At the outlet, the supersonic exit condition is chosen, and at the wall the adiabatic and slip conditions are used.
Although the viscosity on the wall has some effect on the choked flux, solving for the boundary layer directly would pose very intensive computational demands; thus it is not considered in the present work.
In general, the application of a CW laser beam of a 2 kW level on a gas at room temperatures does not generate plasma; so at first it is necessary to artificially create a high temperature region along the laser beam path wherein weak ionization will take place. The location where the plasma is first ignited has no effect on the steady-state computational results. As for the experiments, a tungsten rod is often inserted into the chamber to induce ignition. 8, 22) 
Calculated conditions
Incoming laser beam powers of 400 W or 700 W are considered, with a laser wavelength of 10.6 µm. In order to mimic the geometry and existing conditions in the experiments with our laboratory-model thruster, the throat diameter is set at 1 mm and the half-cone angle of the converging part of the nozzle is set at 20 degrees. The total temperature is chosen as 300 K and the mass flow is either 1.2 or 0.9 g/s.
As for the spatial accuracy of the numerical discretization, a MUSCL approach was employed. A third order upwind differencing is used for the convective terms, and a fourth order central differencing is used for the viscous terms. The calculation is carried out with Courant numbers of 100-300.
Calculation Results
Computational grid and grid dependence
The computational grid is shown in Fig. 5 . To check the grid independence, we tested several grid spacing values in the radial direction, which is important for an accurate computation of the radial heat conduction. For the case with P = 700 W ( f = 8.33) and a mass flow rate of 1.2 g/s, the grid-dependence characteristics as given by the maximum temperature and laser absorption are shown in Fig. 6 . If the grid spacing y is less than 0.1 mm, the introduced error for the values of the maximum and the laser absorption stays within 1%. Therefore, the 150 × 50 grid employed in the present work is considered appropriate.
If the value of f is smaller, the LSP location shifts closer to the focus. Then sudden changes in the streamlines take place in front of the LSP with vortices appearing in the flow. To resolve this complex flow, a more refined mesh becomes necessary.
Two-dimensional distribution
Typical contours of the temperature and degree of ionization are plotted in Fig. 7 . The dashed line in the figure represents the boundary where the laser power intensity becomes 1/e 2 center intensity. In this figure the focus is 10 mm downstream from the throat. The LSP is generated about 20 mm upstream from the focus. The maximum temperature is about 15000 K and the degree of ionization is approximately 4%. In the vicinity of the throat, plasma has completely recombined, but a relatively high temperature is maintained. The estimated average total temperature of the exhaust gas is about 1200 K, which is four times greater than the temperature at the inlet. To obtain a high specific impulse, it is necessary to either bring the LSP closer to the throat or to increase the laser power.
The propellant gas flow near the wall surface is not heated. Therefore the adiabatic wall condition is deemed appropriate under these operating conditions.
Plots of the streamlines and velocity vectors in the chamber and nozzle regions are given in Fig. 8 . The streamlines are forced to continue around the LSP because of a slight pressure rise in front of the LSP. As a result, the flux passing through the inside region of the LSP is only 2% to 3% of the whole flux. The rest of the propellant gas is heated by heat conduction from the LSP. In other words, it can be stated that the LSP can be said to play the role of a heater.
In regard to the flow inside the nozzle, in the vicinity of the central axis the flow velocity in the high temperature region differs greatly from the one in the surrounding low- temperature region. Only the propellant gas passing through the inside of the LSP has a large exhaust velocity. Because of this, the energy conversion efficiency η T based on the thrust is poor in comparison with the energy conversion efficiency η E based on the total sum of the kinetic energy of each particle. Here the energy conversion efficiency based on the thrust T is defined as
On the other hand, the energy conversion efficiency estimated from the total sum of the kinetic energy of each particle is
In the case of expansion into a vacuum, if the energy diffusion in the expansion process is ignored, the laser absorption efficiency (= [laser absorption−radiative loss]/incident laser power) is equal to the energy conversion efficiency η E∞ (the ultimate energy conversion efficiency).
Comparison with experimental results
A diagram of the device used in the experiments is shown in Fig. 9 . A 2 kW laser is employed. The laser beam diameter is magnified to about 30 mm with a beam expander, and with the use of a ZnSe focusing lens (focal length = 250 mm) the beam is focused inside of the thruster chamber. The position of the focus can be controlled by moving the focusing lens with a stepping motor. The LSP is viewed through the observation window on a side of the chamber by using a CCD camera.
Argon is the propellant gas. The chamber is designed to withstand pressures of up to 10 atm, and this chamber pressure varies depending on the mass flow rate regulation. In Fig. 9. Laboratory thruster. the experiments, the thrust, chamber pressure, and the heat absorbed by the walls are all measured. A simple thrust stand equipped with a load-cell sensor is used to measure the thrust. Since the thrust is measured under atmospheric pressure, it is thought that the flow is overexpanded at the nozzle exit and flow separation occurs. As for chamber pressure, the static pressure was measured via the pressure port located on a side of the chamber. Since flow Mach number in the chamber is expected about 0.01, the static pressure is taken as the total pressure. The heat loss is estimated by measuring the temperature difference between the inlet and the outlet of the cooling water pipe.
A photograph of the LSP is shown in Fig. 10 , taken with filters that reduce luminosity by a factor of 1/1000. The size of LSP is 2 mm in the flow direction and 1 mm in the radial direction. Detailed measurements, such as temperature distributions inside of the thruster, have not yet been carried out.
The distance from the focus to the center of the LSP varies depending on the magnitude of the laser power and the posi- tion of the focus. When the focus moves closer to the throat, the LSP location shifts closer to the throat; if it is moved further, the LSP is sucked in down the throat and decreases in size. This is possibly due to changes in local laser intensity, in local flux density and in others, in a unit cross section for a given position in the axial direction.
The comparison between the calculated and measured center positions of LSP is shown in Fig. 11 . In order to define the LSP region in the calculation, the contour where the degree of ionization is 2% is taken as the LSP boundary. In both calculation and measurement, the LSP is generated 8 mm to 10 mm downstream of the focus in the P = 400 W case and 18 mm to 20 mm downstream of the focus for the P = 700 W case. Also, as the focus is moved downstream, good agreement is obtained in predicting the tendency for the distance between the LSP and the focus to become shorter. Therefore, it can be said that the coupling of the laser absorption and convection phenomena is well reproduced in the present simulation code.
By further increasing the laser power, the distance between the LSP and the focus becomes larger and the LSP cannot be maintained at the region near the observation window. Conversely, by decreasing the laser power below 300 W, in both the experiments and the computation, the plasma could not be sustained. Although experiments varying the f value have not been performed, in the calculation it was observed that when f is made smaller, the LSP is brought closer to the focus. In this way, a higher laser power can be applied without having the LSP running too far upstream, which is undesirable. Also, in this case vortices appear inside the chamber, though they have no effect on thruster performance.
Energy conversion efficiency
In the experiment, the measured thrust agreed well with the one estimated by assuming proper expansion of the propellant gas from measured chamber pressure to atmospheric pressure. This suggests that the thrust obtained using the thrust coefficient as
provides a very close approximation, where
Herein p e is the atmospheric pressure. In the case of expansion to a vacuum, the thrust can be calculated by just setting p e = 0.
As for the computation, since the grid in the nozzle region is too coarse to allow an accurate estimation of the velocity variation, instead of calculating the thrust by integrating the momentum over a given cross sectional surface, its value is estimated via Eqs. (18) and (19) .
Values for the thrust and the energy conversion efficiency from the experiment and the computation are listed in Table  1 . The mass flow rates were the same. The energy conversion efficiency was obtained by running the code without considering laser heating. The code was also run for the case where the laser thruster operates in a vacuum, yielding the ultimate conversion efficiency.
Energy balance
In what follows, energy balances based on the data given in Table 1 are shown in Fig. 12 . An interpretation of the measured energy balance has been attempted by using the computed results. The ultimate energy conversion efficiency based on the thrust is expected to be the same in both the experiment and the calculation. Since the calculated laser absorption efficiency is 23%, a 7% gap exists between these efficiency values. This gap is considered to be due to nonuniformity in the velocity distribution of the exhaust jet as shown in Fig. 8 . It is believed that the same amount of energy loss would appear as non-recovered energy loss in the experiment. The laser energy not absorbed by the propellant gas and the radiation energy from the plasma fill the inside of the chamber as so-called photon energy. Part of this energy is absorbed on the wall surface and becomes heat loss. The remaining energy is believed to either cross on to the inlet window or travel down the throat.
In the experiment, radiative energy and unabsorbed laser energy cannot be distinguished one from the other. Using the measured heat loss fraction to the wall surface, we estimated that 56% of the transmitted light and radiated light is absorbed by the wall surface and that the remaining 44% is lost to the outside of the chamber. This photon energy loss is thought to be a predominant energy loss mechanism in the laser thruster. Therefore it would be desirable to reduce the release of this energy to the outside and recover some of it by using regenerative cooling, to improve the efficiency and specific impulse.
Conclusion
A numerical model to analyze the LSP behavior, dominated by six physical phenomena (laser beam optics, inverse bremsstrahlung absorption, ionization/recombination reactions, radiation, heat conduction, and convection has been developed. The problem of stiffness in the system of equations has been circumvented by using a stable implicit scheme allowing large time steps.
The computed LSP position agrees well with the experimental results. This implies that the present physical model and aerodynamic code are suitable for accurate prediction. We also found that the energy balance obtained from the numerical analysis provides a new viewpoint in the interpretation of experimental results, along with the necessary knowledge to further improve thrust performance.
